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j  EETRAKCB  HEAD  AivD  DISCHABGE  HE-AD  IN  PIPES. 

I 

I  •  It  has  long  been  Mnown  that  the  shape  of  both  in- 

let  and  discharge  ends  of  a  pipe  greatly  affects  its  dis- 
charging capacity  for  a  given  head.      A  converging  inlet  is 
kno¥n  to  cause  a  decrease  in  the  loss  in  head  due  to  en- 
trance, and  a  diverging  outlet,  when  flowing  full,  has  been 

j  proven  to  be  of  aid  in  raising  the  coefficient  of  discharge. 

Venturii  in  1791,  decided  that  a  maximum  value  of  Q,  of  1.46 
would  be  obtained  when  the  length  of  the  diverging  outlet 
was  nine  times  its  least  diameter,  the  angle  at  the  vertex 
of  the  cone  being  5* -06'  .      In  1854,  Francis  obtained  a  co- 

j  efficient  of  discharge  of  2.43  with  a  pipe  slightly  over  one 

inch  in  diameter  and  a  mouthpiece  three  feet  long,  or  thir- 
ty-six  times  the  least  diameter.      (See  Merriman's  Hydrau- 

I  lies,  p.  187,   "04  Edition.) 

All  the  experiments  referred  to  above  were  made 

\  with  small  pipe,  not  over  two  inches  in  diameter.      In  1903 

fctr.  Y/.  P.  Ireland  experimenLed  at  the  University  of  Illinois 
with  conical  inlets  on  6-inch  and  12-inch  pipes,  and  showed 
that  the  laws  regarding  flow  in  the  small  pipes  applied  equal- 
ly well  to  larger  ones.      In  order  to  obtain  low  heads,  he 
submerged  the  pipe,  and  found  that  for  low  velocities  the 
rate  of  discharge  was  greatly  increased,  vmile  for  high  ve- 
locities the  gain  was  not  so  noticeable.     (See  Thesis  "igOS 
Ir.  2",  U.  of  I.  library.) 
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As  little  was  Kno^/n  of  tha  coefficients  for  the 
mouthpieces  on  the  discharge  end,  Mp,  C.  C,  Wiley  conduct- 
ed a  series  of  experiments  in  1904,  at  the  University  of 
Illinois,  which  further  established  the  value  of  mouth- 
pieces on  both  inlet  and  discharge  ends.      His  experiments, 
vhich  were  quite  thorough,  were  made  v/ich  mouthpieces  of 
various  angles  and  of  such  lengths  that  the  area  of  the  outer 
end  T/as  twice  the  area  of  the  pipe.      Kir.  V/iley's  results 
are  summed  up  in  Tables  5*-<s  , 

Since,  theoretically,  the  longer  the  diverging 
mouthpiece  on  the  discharge  end,  the  better  will  be  the  re- 
sults, it  was  thought  that  experiments  would  be  of  value 
which  dealt  with  mouthpieces  of  such  length  that  their  area 
at  the  outer  end  would  be  three  times,  or  even  four  times, 
the  area  of  the  pipe. 

In  this  thesis  the  effect  of  this  extension  of 
the  mouthpiece  is  given  and  additional  data  on  the  coeffi- 
cients of  entrance  head  and  discharge  head  are  recorded. 
The  order  of  presentation  will  be  as  follows: 

I.  Theory  of  flow  of  water  through  pipes. 

II.  Methods  used  in  the  experimental  work,  and  discussion 

of  the  sources  of  error. 

III.  Explanation  of  tables  and  plates. 

IV.  Discussion  of  the  results  and  conclusions. 
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I . 

FLOW  THROUGH  PIPES. 

The  head  ¥hich  causes  floT  through  a  pipe  is  talc- 
en  up  in  three  ways,   (1)  "by  entrance  head,  vhich  includes 
the  loss  from  contraction  and  expansion  of  the  stream,  (2) 
by  friction  i^^ith  the  sides  of  the  pipe,  and  (3)  by  giving 
velocity  to  the  stream.      The  expression  ^hich  shovs  the 
above  conditions  ±s,\n  =  m^  ++C"3)e^  j  where 

2x  is  tne  total  head  causing  the  flow ,  mJ=^  represents  the 
entrance  head,f(^)^^^  is  the  loss  due  to  friction,  and 
is  the  head  causing  velocity.      x.  is  the  average  ve- 
locity in  the  pipe  in  feet  per  second,  ^  is  the  accelera- 
tion of  gravity,  1  is  the  length  of  the  pipe  in  feet,  d  is 
its  diameter  in  feet,  f.  is  the  coefficient  of  friction, 
and  a  is  the  coefficient  of  loss  due  to  entrance.    The  term 
is  what  is  commonly  termed  "velocity  head"  . 

In  a  short  pipe,  the  diameter  is  large  as  coin- 
pared  with  the  length,  hence  the  friction  loss  is  quite 
small.      An  experiment  made  on  a  6- inch  pipe  22  l/2  inches 
long,  with  a  head  of  .75  ft.  showed  a  velocity  of  5.48  ft. 
per  second.      The  velocity  head  corresponding  to  this  is 
0.47  ft..      Remembering  that  there  is  a  contraction  of  sec- 
tion at  the  entrance  end,  it  is  probable  that  the  water 
fills  the  pipe  at  about  tv/o  diametiers  from  the  end,  say 
10  1/2  inches.      The  friction  factor  for  this  case  is  0.022. 
(See  Merriman*s  Hydraulics,  p  559,   '04  Edition.)  Substi- 


tuting  thes9  values,  wa  have  f^^^g"  (o.^J("^'^'^ 
.ozocb-F't"      ,      rpiiQ  loss  due  to  friction  in  this  case  is 

then  2.75^  of  the  total  head.      As  this  is  small,  even  when 

the  velocity  is  much  lar^j^er  than  any  used  in  the  experiments 

the  term  f^)  rill  be  dropped  from  the  expressions  used 

in  this  thesis. 

The  expression  to  be  used,  then,  reduces  to    h  — 

m(^J-^   ^    ^'^  0-^*^)  .      The  value 

for  m  is  obtained  from  the  expression  rn=^-  \  ,  (See  Merri- 

man's  Hydraulics,  Art.  85,   *04  Edition.)*  i2rhere  c.^  is  the 

V<s  loci  i*y 

coefficient  of  i^ischnr-ffQ-  obtained  by  dividing  the  actual  dis- 
charge by  the  theoretical  discharge,  which  is  al^gh,  where 
a  is  the  cross-section  of  the  pipe  in  square  feet. 

The  term     applies  only  to  entrance,  consequently 
in  the  above  expression  there  is  nothing  to  show  the  effect 
on  the  discharge  of  the  condition  of  the  discharge  end  of 
the  pipe.      It  is  evident  that  a  diverging  outlet  regains 
some  of  the  velocity  head,  so  if  this  regained  head  is 
called  ,  the  complete  equation  would  be  h=  (n-«n-n) 

or    /i  =    ^  '  ' ^  ->  ^^le^^-      =- "1-"^  =  combined 

affect  of  the  entrance  and  discharge  ends.  Then, 
m  '=  m-n 

In  order  to  find  the  effect  of  the  entrance  and 
discharge  ends  separately,  it  is  necessary  to  find  the 
values  of      and  ^i*      The  value  of  c.  for  each  experiment 
was  determined  by  dividing  the  actual  by  the  theoretical 
discharge.      Knowing  jg.,  we  can  obtain  (m^-n),  because  m-n 
1. 
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If  there  is  no  mouthpiece  on  the  discharge  end, 
H  does  not  enter  the  equation,  and  la  may  be  determined. 
When  a  mouthpiece  is  on  the  discharge  end,  (m  -  n),  may  be 
determined  "by  finding  Then,  if  there  is  no  inlet 

mouthpiece,  the  value  of  m  ^or  the  plain  pipe  being  known, 
the  value  of  n  may  be  easily  computed.      If  one  mouthpiece 
be  put  on  the  inlet  end  and  another  on  the  discharge  end, 
the  value  of  m  -  n  obtained  by  experiment  ought  to  iDe  near 
the  difference  of  the  values  of        and  ii    obtained  separate- 
ly.     Experiments  bear  out  this  statement. 

The  amount  of  velocity  head  which  may  theoretically 
be  regained  is  determined  as  follows;-  if  the  outer  end  of 
a  diverging  outlet  is,  say,  twice  the  area  of  the  pipe,  the 
velocity  at  the  end  is  half  that  in  the  pipe,  and  the  ve- 
locity head  is  one-fourth  as  great.      So  the  maximum  theo- 
retical XL  for  this  condition  would  be   .75.      Likewise  the 
maximum  is  .88  where  the  ratio  of  areas  is  one  to  three, 
and  for  one  to  four  mouthpieces,  .94  is  the  maximum. 


II. 

METHODS  USED  IN  THE  EXPhKIMEI^TAL  Y/ORK  AI'.D  A 
DISCUS  SI  Oil  OP  THE  SOURCES  OF  ERROR. 

In  th9  experiments  herein  described  a  cylindric- 
al cast-iron  discharge  pipe,  6- inches  in  internal  diameter 
and  22  1/2  inches  long,  was  used  to  connect  the  two  coirir- 
partments  of  the  box  through  which  the  water  flowed.  It 
wsls  threaded  at  each  and  and  near  the  middle  was  flanged 
to  pemit  of  being  attached  to  the  box.     (See  Plate  1), 

In  these  experiments,  seven  diverging  mouthpieces 
and  one  ring,  threaded  to  fit  the  discharge  pipe,  were  used. 
For  their  dimensions,  see  Plates  2  and  3.      Each  mouthpiece 
diverged  at  a  known  angle  from  the  axis  of  the  discharge 
pipe.      One  (5*)  was  of  such  length  that  the  area  at  the  out- 
er end  was  twice  that  of  the  discharge  pipe.      Five  were 
made  (10',  15'*,  20**,  30",  and  45**)  so  that  the  ratio  of 
areas  was  one  to  three,  and  one  (20*^)  was  made  so  that  the 
ratio  was  one  to  four.      The  outside  diameter  of  the  ring 
was  the  same  as  that  of  the  outer  end  of  the  1  to  3  mouth- 
pieces. 

The  discharge  pipe  was  placed  horizontally  through 
a  water-tight  partition  v/hich  divided  a  water-tight  box  in- 
to two  parts.      V/ater  was  admitted  into  one  compartm.ent, 
flowed  througli  the  discharge  pipe  into  the  second  part  and 
out  througjn  two  vertical  rectangular  openings  to  the  pipe 
which  led  to  the  measuring  pit.      The  vertical  openings 
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vrere  covorsd  hy  baffle-boards  which  kept  the  water  at  any 
desired  height.      The  difference  in  level  in  the  two  com- 
partments, v/hich  ^as  the  head  causing  the  flov,  was  meas- 
ured by  means  of  two  vertical  glass  tubes,  one  from  each 
compSLrtment ,  fhich  were  placed  one  on  each  side  of  a  scale 
reading  to  millimeters. 

ThQ  water,  discharged,  was  measured  in  a  circular 
pit,  the  mean  diameter  of  which  was  7.995  feet.      A  float 
and  level  rod,  graduated  to  hundredths  of  feet,  v^ere  used 
in  measuring  the  rise  in  the  pit. 

All  of  the  mouthpieces  were  tested  on  the  dis- 
charge end  and  the  20° (1  -  3)  was  tested  on  the  inlet  end. 
One  combination  was  tried,  20*  (1  -  5);  on  the  inlet  end  and 
S^Cl  -  2)  on  the  discharge  end,  as  it  was  in  those  positions 
that  the  above  mouthpieces  gave  the  best  results. 

A  set  of  experiments  consisted  of  readings  taken 
with  the  pipe  under  from  six  to  eight  different  heads,  each 
experiment  being  repeated  as  a  check. 

In  making  these  experiments,  the  water  was  wasted 
until  running  at  a  steady  head,  then  was  measured  for  a 
convenient  length  of  time,  and  wasted  again. 

The  diameter  assumed  for  the  pit  is  that  used  by 
S'Ir.  G.  C.  Wiley  in  his  experiments.      It  was  the  mean  of 
thirty  readings  carefully  taken.      The  largest  variation 
from  the  mean  of  these  measurements  was  .008  feet.  Hence, 
the  maximum  error  will  not  be  over  0.10^. 

In  measuring  with  the  float  and  level-rod,  the 
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greatest  variation  in  reading  would  not  be  over  .005  ft. 
The  maximum  error  ¥ould  therefore  occur  vrhen  the  smallest 
rise,  0.285  ft.,  was  recorded.      This  case  would  give  a  max- 
imum error  of  1.75%.      This  was  an  exceptionally  small  rise 
and  the  possibility  of  error  in  the  other  experiments  would 
be  much  less. 

The  water  stood  so  still  in  the  tubes  for  measur- 
ing the  head  that  readings  could  easily  be  taken  to  l/2 

millimeter,  or  .0015  ft.      The  largest  error  would  be  when 

r 

the  smallest  head,  .008  ft.,  occurred.      This  would  give  a 
maximum  error  of  18.75^.      Such  a  low  head  as  this  occui^d 
only  three  times  during  the  experiments,  and  the  important 
results  are  not  those  deduced  from  experiments  with  low 
heads.      The  average  head  used  would  give  a  much  smaller 
error  from  this  cause-      Thus,  with  a  head  of,  say  .250  ft., 
on  the  discharge  pipe,  the  error  v^ould  be  0.65^. 

Time  v:as  taken  with  an  ordinary  watch,  to  the 
ne'arest  second.      The  shifting  of  the  waste  pipe  took  only 
1/2  second  or  less,  consequently  the  maximum  error  would 
occur  when  the  shortest  time,  65  seconds,  was  used.  This 
maximum  error  would  be  ,77%. 

Since  all  of  these  conditions  for  maximum  error 
will  not  exist  at  the  same  time,  and  since  it  is  the  square 
root  of  lx>  and  not  h.  itself,  which  occurs  in  the  results, 
it  is  possible  that  the  greatest  error  in  the  final  results, 
under  lovr  heads,  is  not  over  6%,      Probably  as  the  heads 
become  higher,  there  is  no  case  where  the  error  is  over  1%. 
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III. 

EXPLANATION  OP  TABLES  AImD  PLAICES. 

The  mat  tar  contained  in  the  tskblas  and  plates 
will  h3  arranged  as  folloT.'-s,- 

TaTalG  1.  General  results  of  the  experiments,  giving 
the  readings  taken  and  the  constants  deduced. 

Table  2.  gives  the  values,  for  different  velocities, 
of  m  -  n,  m,  and  ri,  for  each  mouthpiece. 

Table  3  shoisrs  the  mean  values  of  m  -  n  for  a  velocitj- 
of  0.7  ft.  per  second  and  for  velocities  greater  than  3  ft. 
per  second. 

Table  4  gives  the  reduction  in  m'   due  to  the  use  of 
mouthpieces  as  compared  Fith  a  plain  cylindrical  pipe. 

Table  5  gives  values  of  la  for  each  mouthpiece  for 
different  velocities. 

Table  6  shows  the  values  of  ji  for  each  mouthpiece  for 
different  velocities.  Included  in  Tables  5  and  6  are  the 
results  obtained  by  I^-Ir.  C.  C.  Wiley. 

Plate  1  is  a  sketch  of  the  discharge  pipe  used  in  the 
experiments . 

Plates  2  and  3  show  the  dimensions  of  the  mouthpieces 

used. 

Plates  4  to  14,  inclusive,  shov/  the  relation  of  m  -  n 
to  the  velocity  for  each  mouthpiece.      The  curves  were 
plotted  from  the  data  used  in  Table  1. 

Plates  15  to  2.4,  inclusive,  show  the  reduction  in  a/ 
for  the  various  velocities,  due  to  the  use  of  mouthpieces. 


Th3  data  waro  taken  from  Tabls  4. 

Plates  25  to  32,  inclusive,  show  the  relation  of  the 
velocity  to  n  for  each  raouthpiece  used  on  the  discharge  end 

Plate  33  shows  the  variation  in  la'  for  different  mouth 
pieces.      The  reduction  in  ja'  as  compared  with  the  plain 
pipe  is  also  shown. 

Plate  34  shows  the  amount  of  velocity  head  utilized 
by  the  different  mouthpieces,  one  curve  being  for  the  1  to 
2  set  of  mouthpieces,  the  other  for  the  1  to  3  set. 
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IV. 

DISCUSSION  0?  THB  RESULTS  AMD  COi^CLUSIODS. 

From  the  data  Qxperimentally  determined,  the  fol- 
lowing conclusions  may  be  drawn :- 

(1)  For  velocities  through  the  discharge  pipe  greater 
than  2.0  feet  per  second,  the  value  of  jg  and  also  of  m  -  n 
remains  practically  constant  for  any  given  condition  of  in- 
let and  discharge  ends. 

{2)  As  the  velocity  decreases  belo¥  2.0  feet  per  second 
the  value  of  ni,  and  also  of  m  -  n  increases.      No  explanation 
of  this  fact  has  been  given  as  ^et.      If  the  pipe  v/ere  not 
submerged  at  the  outlet,  the  reason  would  be  apparent.  When 
the  pipe  is  flowing  full,  however,  it  would  seem  that  a  low 
velocity  would  be  conducive  to  better  results  than  the  high 
ones.      Low  velocities  would  seem,  to  give  the  least  tenden- 
cy toward  contraction  of  section  in  entering  the  pipe. 

(3)  Only  one  set  of  experiments  was  made  v^^ith  a  mouth- 
piece on  the  inlet  end.      For  this  reason  no  very  definite 
conclusion  may  be  drawn  as  to  the  effect  of  lengthening  the 
converging  inlet.      However, since  a  20" (1  to  2)   inlet  mouth- 
piece gave  an  average  value  of  ei=.0.20,  and  a  20"  (1  to  3) 
inlet  mouthpiece  gave  an  average  value  of  jri^iO.M,  it  seem.s 
that  the  longer  the  mouthpiece,  the  beti^er  will  be  the  re- 
sults.     The  limits  within  which  this  holds  true  can  only 
be  determined  by  further  experiments. 
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(4)  For  valooitios  higher  than  2.0  ft.  psr  second,  the 
value  of  n,  for  an^^  one  mouthpiece,  remains  practically  con- 
stant.     For  velocities  less  than  2.0  ft.  per  second,  it 
vras  found  that  values  for  xi  vary  some^ip-hat,  but  are  almost 
the  same  as  for  the  hi^?jier  velocities.      For  different  an- 
gles of  mouthpieces,  the  valuesof  a  vary  greatly,  from  .05, 
when  the  ring  vras  used,  to  .66  for  the  10**  (1  to  3)  mouth- 
piece, and  .70  for  the  b" {1  to  2)   outlet,  dropping  then 

to  0.00  for  the  plain  pipe. 

The  reason  for  the  small  value  of  n,  when  large 

that 

angles  are  used,  is^the  broadening  of  tne  pipe  is  so  sud- 
den that  the  stream  of  water  does  not  expand  uniformly  to 
fill  it,  and  therefore,  the  velocity  in  the  center  is  much 
higher  than  at  the  edge.      With  a  long  mouthpiece  and 
small  angle,  the  stream  is  given  sufficient  time  to  expand 
uniformly  and  a  large  value  for  ii  results. 

From  these  results,  it  appears  that  the  efficacy 
of  the  diverging  outlet,  for  any  given  angle,  is  about  con- 
stant for  all  velocities. 

(5)  Since  both  inlet  and  discharge  mouthpieces  are  of 
benefit,  a  combination  would  produce  still  better  results. 
The  value  of  m  -  n  for  the  combination  is  nearly  the  same 
as  the  difference  of  the  values  of  jri  and  xk  obtained  for 
the  mouthpieces  separately.      From  the  separate  values  ol>- 
tained,  it  was  evident  that  with  the  5'(1  to  2)  mouthpiece 
on  the  outlet  end,  and  some  inlet  of  less  than  30°,  the 
best  results  would  be  obtained.      Experiments  were  made 
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with  thG  5  (1  to  2)  mouthpiece  on  the  outlet  end  and  the 
20* {1  to  3)  mouthpiece  on  the  inlet  end.      The  results  gave 
a  coefficient  of  discharge  of  ahout  1.38,  m  ~  n  being 
equal  to  -0.47. 

((6)  It  is  very  evident  froin  the  above  results  that 
these  experiments  could  be  carried  further  vrlth  profit. 
These  results  shcvr  plainly  that  the  smaller  angles  on  the 
discharge  end  give  the  bast  results.      The  5°  mouthpiece 
is  much  better  than  the  10"  one.      Since  Venturi*s  best 
result  was  obtained  with  an  angl®  of  2°  -  33^  and  Francis' 
highest  coefificient  came  from  an  angle  of  2  -5  ,  further 
experiments  mi^^t  be  made  to  determine  the  angle  which 
gives  the  best  results. 

The  length  of  the  discharge  mouthpiece  is  also  of 
importance.      Theoretically,  the  longer  the  mouthpiece  the 
better  are  the  results  which  may  be  obtained.      The  longest 
mouthpiece  used  in  the  experiments  had  a  length  of  nearly 
2.4  times  the  least  diameter.      Referring  again  to  previous 
experiments,  it  is  seen  that  Venturi's  best  results  came 
from  a  mouthpiece  whose  length  was  nine  tim.es  the  least  di- 
ameter, and  Francis  used  one  thirty  six  times  its  least  di- 
ameter.     Future  experiments  should  determine  the  ratio  of 
length  to  least  diameter  which  gives  the  best  results. 

A  good  application  of  the  conditions  stated  in  this 
thesis  may  be  made  in  the  construction  of  culverts  where 
the  water  is  likely  to  back  up,  as  behind  a  railroad  em- 
manKment.      Maturally,  the  water  should  be  removed  as  soon 


14 


as  possible,  and  a  concrete  culvert,  built  with  a  spread 
at  the  outlet  corresponding  to  a  mouthpiece,  iFOuld  assist 
materially  in  the  speedy  running  off  of  the  iirater.  Also 
by  this  method,  a  smaller  irate}>-way  may  be  used  than  is 
necessary  with  culverts  of  the  ordinary  type  and  consequent- 
ly the  cost  of  construction  would  be  less. 

Work  of  this  Kind  is  interesting  and,  as  shown 
above,  there  remains  much  to  be  done  in  further  investi- 
gation of  the  problems  presented. 
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